U nderstanding SOM composition and cycling is fundamental because SOM contains large nutrient pools for crop growth, aff ects the soil physical properties necessary for roots to thrive, and can serve as a source or a sink for atmospheric CO 2 (Lal, 2004). Th e stability of soil organic carbon (SOC) is determined by interactive eff ects of climate, parent material, soil depth, and agronomic management (Collins et al., 2000), and there is still much to be learned about OM quality and dynamics.
. Laboratory incubations are in eff ect a biological fractionation of SOC into active and slow pools, and they have been used to study the active, slow, and resistant soil fractions. Crop residue C is mineralized early in the incubation, with a mean residence time of about 100 d. In contrast, the slow C pool refl ects the mid-range stability as well as management eff ects on SOC. Particle-size fractions may lose diff erent proportions of SOC on incubation, underscoring the diff erences in C quality between them (Haile- Mariam et al., 2008) . Incubations are especially useful when combined with tracer analysis or determination of specifi c chemical features.
Soils are an important factor of the Earth's C budget, but assessment of the size and dynamics of stable and labile C forms in soil are limited by labor intensive and costly methodologies. Fourier-transformed MidIR spectroscopy is a quick and nondestructive technology that has been used to calibrate for SOC in diverse sets of samples (McCarty and Reeves, 2000; Reeves et al., 2001; McCarty et al., 2002) , indicating that the MidIR region contains spectral information related to a variety of soil chemical attributes. Th e MidIR region (4000-400 cm −1 ) is characterized by strong vibration fundamentals, and can be used for spectral interpretation of sample composition, because the MidIR spectra show peaks or bands that can be assigned to specifi c organic or mineral spectral bands (Nguyen et al., 1991; Haberhauer and Gerzabek, 1999; Baes and Bloom, 1989; Janik et al., 2007) .
We need to be cautious when ascribing spectral bands to chemical features in environmental samples because myriad interactions with background materials can complicate spectral interpretation. Bands assignments are not absolute, in the sense that a band for a particular compound occurs exactly at a specifi c wavenumber. Bands even for functional groups in pure compounds are found over a range, and there is overlap between different functional groups. It should be noted that wet chemistry determinations of soil lignins, proteins, and other biopolymers are themselves hampered by technical hurdles, so a side-by-side comparison of spectral data and analyte data is oft en not practical. Studies with changes over time in the same soil are necessary, as one can try to see if what one observes relates to what might be expected with mineralization in the soil. Ash subtraction can potentially be very important in identifying organic or mineral absorption. However, the MidIR does contain a wealth of information and current research is shedding light on useful bands for the study of soil C quality. In their recent work on soil particle sizes, Bornemann and Amelung (2010) summarize the literature for structural assignments of several important bands (all in cm −1 ): 3600 to 3700 (OH of clay), 2850 to 2920 (aliphatic C-H), 1700 (C=O of carbonyl C), 1660 (carbonyl C), 1630 (carboxyl C), 1600 to 1620 (phenolic compounds), 1565 (carboxyl C), 1500 to 1510 (aromatic C-H and C=C), 1427 (carboxyl C), 1410 (aliphatic C), 1320 (hydroxylic C-O-H), 1250 (carboxylic COOH), 1160 (polysaccharides), 1000-1080 (C-O stretch of cellulose), and 870 (aromatic C-H and C=C).
Soils analyzed by Haile-Mariam et al. (2008) provide a valuable sample set of fresh and incubated soils, including diff erent soil types, sampling depths, and size fractions. We scanned the soil samples from continuous corn (Zea mays L.) rotations at four long-term study sites in the Corn Belt (Lamberton, Wooster, W.K. Kellogg Biological Station [KBS] , and Hoytville). Th ese four sites are among the oldest agronomic fi eld experiments in the corn belt. Previous studies have given insight about the soil C age in these locations. Carbon dating of these sites using naturally occurring 14 C showed great increases in MRT at the lower depths and in those sites with more clays (Paul et al., 2001) . Th e use of 13 C aft er the growth of continuous corn made it possible to calculate the amount and age of corn-derived materials (Collins et al., 1999; 2000) . Th ere was a high correlation between the 13 C and 14 C data, but the length of tracer exposure greatly aff ected the measured mean residence times (MRTs) leading to the suggestion that tracer studies report their data relative to the length of incubation. Fractionation before and aft er long-term incubation (Haile-Mariam et al., 2008) verifi ed that the LF fraction turned over the fastest but also contained some old C present from the time before the growth of corn. All fractions, including the oldest clays, contained both young and old C showing the dynamic nature of all the constituents even though radiocarbon analysis indicated that the bulk soil SOM has mean residence times of hundreds of years.
Our objectives were to: (i) identify the spectral diff erences between the size fractions; (ii) subtract the ashed minus the whole soil spectra of a subset of samples to diff erentiate organic bands from mineral bands, (iii) compare the spectral data of the soil fractions before the incubation and carry out spectral interpretation to elucidate the chemical properties associated with the fractions, (iv) compare the spectral data of the whole (unfractionated) soils to determine spectral diff erences between depths and locations, (v) determine the eff ects of soil acidifi cation-decalcifi cation on spectral properties, and (vi) determine the spectral changes that occur due to decomposition during incubation.
MATERIALS AND METHODS
Samples were obtained from four agricultural experiments in the Corn Belt. Th e four sites formed in glacial deposits (Table 1) . Th e KBS Michigan, Wooster Ohio, and Hoytville Ohio soils developed under deciduous hardwood forest, while the Lamberton Minnesota soils developed under grassland. Wooster, KBS, and Lamberton were started in agriculture in the 1800s, while Hoytville was not cultivated until the early 20th century once drainage issues were resolved. All four sites had been in continuous corn for at least 8 yr before sampling.
Six cores (5.4 cm) were collected from each site to a depth of 1 m and depth sections were composited to make each fi eld replicate. Four replicates were obtained from Lamberton and KBS, and three replicates from Wooster and Hoytville. Th e samples were sieved (2 mm) and plant debris was excluded. For this experiment, three depth increments were analyzed: 0 to 20, 25 to 50, and 50 to 100 cm. A subset of soil samples was acidifi ed to remove carbonates by mixing 20 g of soil with 100 mL of 250 mM HCl, shaking for 1 h, then washing three times with deionized water. Th e samples were centrifuged, dried at 55°C, and ground (180 μm). Th is resulted in soluble organic C losses of up to 10% (HaileMariam et al., 2008) . Additional details about the sites, sampling, and analysis can be found in Collins et al. (2000) .
Soil samples from the 0-to 20-cm depth were separated into particle-size fractions. Th e LF was obtained by mixing 10 g of soil with 40 mL of NaI solution (1.70 g cm −3 specifi c gravity), then the fl oating material was dried and ground before scanning. Th e soil material remaining aft er extracting the LF was rinsed three times with water, then shaken for 15 h in 30 mL of 5 g L −1 sodium hexametaphosphate. Th e POM plus sand was obtained by sieving (53 μm) the dispersed samples. Th e material retained in the sieve was then dried at 60°C overnight. Th e silt and clay were obtained by sedimentation and decantation of the material that passed through the 53-μm sieve.
Th e laboratory incubations were done with 25-g samples (0-to 20-cm depth) of each fi eld replicate (Collins et al., 2000) . Th e samples were brought to 60% of water holding capacity and stored in the dark. Th e incubation was designed to sample headspace CO 2 , so the containers were opened initially every 10 d, and later every ~21 d. Aft er each CO 2 sampling, each container was restored to ambient CO 2 with compressed air. Aft er the incubation, each soil sample was air dried until fractionation using the above procedures (Haile-Mariam et al., 2008) . Only the fraction samples (LF, POM, silt, and clay) were available aft er incubation.
All soil and soil fraction samples were scanned undiluted in MidIR on a Digilab FTS 7000 Fourier transform spectrometer (Varian, Inc., Palo Alto, CA) with a deuterated, Peltier-cooled, triglycine sulfate detector and potassium bromide beam splitter. Th e spectrometer was fi tted with a Pike AutoDIFF diff use refl ectance accessory (Pike Technologies, Madison, WI) and KBr was used as background. Data was obtained as pseudo-absorbance (log [1/Refl ectance]). Spectra were collected at 4 cm −1 resolution, with 64 co-added scans per spectrum from 4000 to 400 cm −1 . Duplicate scans of each sample were performed and included in the multivariate analyses.
Shallow (0-20 cm) and deep (50 cm plus) samples of whole soil from each of the four sites were scanned before and aft er ashing at 550°C for 3 h. We used GRAMS/AI soft ware, Version 7.02 (Th ermo Galactic, Salem, NH) to perform spectral subtraction of ashed from unashed samples, to to bring out the OM spectral features and diff erentiate them from the mineral features (Cox et al., 2000 , Sarkhot et al., 2007 .
Th e whole sample set consisted of 354 samples, which included the diff erent fractions, incubation times, and depths. Spectral diff erences between the sites, depths, decalcifi cation, and fraction treatments were determined by principal components analysis (PCA) using the PLS Plus/IQ soft ware in GRAMS/AI Ver. 7.02 (Th ermo Galactic, Salem. NH). All spectra were mean-centered and were pretreated with multiplicative scatter correction before the PCA analyses. Th e PCA scores were used for dimensionality reduction, while the component loadings were used to indicate which spectral bands explained the distribution of the sample scores along the principal components.
RESULTS AND DISCUSSION

Whole Soil and Fraction Spectra, Lamberton Site
Data from the diff erent fractions of the Lamberton site are displayed in Fig. 1 to show the appearance of the spectral features in the neat samples. Th e sharp peak at 3622 cm −1 indicates hydroxyl stretching in clays (Nguyen et al., 1991) , and as expected, is prominent in the clay fraction. It is interesting that the LF absorbs in this region, forming a shoulder below the clay fraction. Th e broad band at 3400 cm −1 , pronounced in the LF, is due to OH or NH stretching typical in crop residues (Haberhauer and Gerzabek, 1999) . Th e LF contributes 0.5 to 0.8 g C kg −1 and makes up 3 to 5% of the SOC, and isotope analysis has shown that the LF is an active fraction that contains recent plant residue C (Haile-Mariam et al., 2008) . Th e feature between 2950 and 2870 cm −1 is attributed to aliphatic CH stretching ( Janik et al., 2007) . A series of three peaks between 2000 and 1790 cm −1 , present in the whole soil, silt fraction, and POM, but absent in the LF, mark the presence of quartz in sand (Nguyen et al., 1991) . Th e 1700 to 1250 cm −1 spectral region has concentrated information about many important functional groups. Th is region indicates diff erences between the soil fractions, as well as the general similarity between the POM and the silt (Fig. 1) . Th e feature near 1730 to 1700 cm −1 is due to esters and carboxylic acids (Haberhauer and Gerzabek 1999; Cox et al., 2000; Janik et al., 2007; Sarkhot et al., 2007) . It forms a shoulder on the stronger broad band at 1650 cm −1 in the LF, although it leads to a peak near 1690 cm −1 in the POM and silt fractions (Fig. 1) . Bands at 1610 cm −1 are due to aromatic C=C (Baes and Bloom, 1989) , those at 1650 cm −1 are due to protein. Note that these bands occurring between 1600 and 1650 cm −1 for lignin and protein are broad and overlapping, so one must use caution in how this region is interpreted. It is possible that on the LF absorbance in this region is aff ected by amide linkages. In older soil fractions it could be due to absorbance of lignin-like materials. When absorbance at 1600 to 1650 cm −1 increases together with absorbance at 1510 cm −1 , it may indicate an accumulation of aromatic recalcitrant material. Note also that this region may have silica interference due to the silica band near 1610 cm −1 . Th e LF and clay absorb highly in this region, while the POM and silt show a peak at 1610 cm −1 (Fig. 1) . Th e LF has a peak at 1510 cm −1 indicating aromatic C=C, a feature that is also present in the stable fractions of OM like humic and fulvic acids (Baes and Bloom, 1989) . Th e spectrum of the Lamberton whole soil has a broad peak between 1460 and 1270 cm −1 . Fractionation allowed us to resolve some of the absorbance bands in this region. Th e LF absorbs at the CH 2 and the CH 3 bending bands at 1450 and 1400 cm −1 (Fig. 1) . Th ese alkyl deformation bands are also important for total organic C determination in soils ( Janik et al., 2007) . Th e region between 1380 and 1270 cm −1 in the whole soils consists of mostly mineral material according to ashing analysis (see below). Th is is a region of relatively high absorbance in the Lamberton fractions and whole soil, but forms well defi ned peaks in the silt and POM. Th e band for aromatic ring C-H forms a pronounced peak at 1230 cm −1 in the Lamberton clay fraction, but shows little absorbance in the POM (Fig. 1) . Th is band is present in oxidized black C, and is useful in soil C determinations ( Janik et al., 2007) . Th e region 1080 to 1050 is present as an inversion band in the spectra of soils rich in silicates and clays, due to specular refl ectance of quartz (Nguyen et al., 1991) . Figure 1 shows a dip in absorbance at this band in the whole soil, POM, clay, and silt. Th e LF absorbs at the 1030 cm −1 carbohydrate/polysaccharide band relative to the rest of the fractions. Th e region below 1000 cm −1 is a mixture of organic and mineral bands best resolved by a spectral subtraction of whole (neat) minus ashed spectra (below). Figure 2 shows the spectral subtraction of the neat soil minus the ashed soil for the four Corn Belt sites. Th e higher absorbance values in the graph denote spectral regions where organic features dominate. Th e high OM soils from Lamberton and Hoytville (Table 1) have the highest values throughout most of the spectral range (Fig. 2) . Sharp dips due to the water bands from dehydrated clays can be seen at 3739 and 3674 cm −1 . Th e large peak at 3400 cm −1 , which is high in the LF (Fig. 1) has the highest absorbance in the high OM soils from Hoytville and Lamberton (Fig. 2) . Th e CH bands at 2930 and 2850 cm −1 , also high in the LF (Fig. 1) , are from aliphatic CH stretching indicative of SOM (Haberhauer and Gerzabek, 1999; Janik et al., 2007) . Th e bands at 2160, 2100, and 1940 cm −1 are possibly from proteins, as we have observed them in albumin and gelatin in our laboratory (data not shown). Shoulders at 1730 cm −1 are due to carbonyls in esters (Sarkhot et al., 2007) , which are part of the easy to decompose organic C. Absorbance at 1650 cm −1 is a combined band from proteins and probably lignin and humic acids, all of which absorb between 1660 and 1610 cm −1 . Where this band appears in a sample depends on the ratios and concentrations of the contributors. Th e band at 1566 cm −1 is from proteins and is due to the amide II band in SOM ( Janik et al., 2007) . Th e organic peak at 1430 cm −1 is possibly another combination band due to CH bending and deformation, and C-O vibrations (Haberhauer and Gerzabek, 1999) . It is observable in aromatic compounds, lignin, and proteins. Th e organic band at 1238 cm −1 could be due to aromatic-CH in plane deformation and has high partial least squares regression loadings for TOC ( Janik et al., 2007) . Th is band could also be due to lignin and carbohydrate C-O bands.
Spectral Subtraction of the Whole Soils minus the Ashed Soils
Spectral interpretation is challenging between 1400 and 400 cm −1 because bands could be due to several mineral or organic chemicals (Fig. 2) . Janik et al. (1998) assign peaks below 1300 cm −1 to kaolinite and quartz, but Janik et al.(2007) indicate that peaks in the <1400 cm −1 region could also be suggestive of cellulose or lignin. Spectral subtraction shows that the aromatic ring CH band at 1238 to 1230 cm −1 may actually be a mineral band in low OM soils (Fig. 2) . Th e Lamberton and Hoytville soils absorb between 1030 and 1160 cm −1 as an organic band, whereas the KBS and Wooster have mineral bands in this region (Fig. 2) . Sarkhot et al. (2007) found absorbance at 1160 cm −1 band in soil aggregates. Th e bands below 1000 cm −1 are mostly mineral in the low SOM KBS and Wooster soils. Lamberton and Hoytville, however, have possibly organic spectral features below 1000 cm −1 . Th e region from 950 to 700 cm −1 contains many bands due to diff erent linkages in carbohydrates, with a minor infl uence from lignin and proteins. Janik et al. (1998) found that absorbance at 915 cm −1 , probably due to aromatics and high in the LF (Fig. 1) , has high loadings for the prediction of soil C. Our subtraction approach shows that this peak could be due to organic absorption in all four Corn Belt sites (Fig. 2) . Spectral subtraction of the neat-ashed Lamberton soils shows the following minor peaks that should be organic but cannot be assigned to specifi c organic bands: 494 cm −1 (present in the clay fraction), and 603 to 598 cm −1 (Fig. 1) . Figure 3 shows the PCA of the whole soil and fractions at time zero, for all sites. Th e PCA indicates that size fractions have spectral diff erences that override site diff erences. Th e POM and silt have similar spectral properties and clustered very closely according to their PCA scores. Th e clay fraction and the light fraction have distinct spectral properties, forming separate clusters from the rest of the fractions.
Comparison of Soil Fractions at Time Zero
Th e LF has low scores along Component 1, and loadings indicate high absorbance in the following regions: Th e broad OH/NH band at 3400 cm −1 , the aliphatic and aromatic CH band at 2950 to 2840 cm −1 , the aromatic ring CH band at 1223 cm −1 , and a peak near 490 cm −1 (Fig. 4) . Th ese features are prominent in the LF spectrum from the Lamberton site (Fig. 1) . Th e LF also absorbs at the O-Si-O quartz inversion region, indicating low quartz content.
Particulate OM makes up 5 to 23% of the SOC, with the smaller proportions in the fi ne-textured soils at Lamberton and Hoytville (Haile-Mariam et al., 2008) . Th e POM, and to a lesser extent the silt, have high scores along Component 1, opposite to the LF. Loadings indicate that POM and silt diff er from LF in Fig. 4 . Component 1 loadings for the principal components analysis of the neat mid-infrared spectra of unincubated soil and soil fractions shown in Fig. 3 ; wn, wavenumbers in cm −1 . Top graph has the mineral bands indicated, bottom graph has the organic bands.
the above mentioned bands, and also because higher absorbance at the 2000 to 1790 cm −1 quartz overtone region, and a peak near 814 cm −1 , a band observed in lignin, but shown to be of possible mineral origin in the whole soil spectra (Fig. 2) . Th e POM fraction contains a large amount of sand, explaining the quartz overtone band. Th e PCA results agree with the Lamberton fraction data (Fig. 1) . Th e POM and silt absorb more than the LF at 1360 cm −1 , at the region for CH 2 , CH 3 , COO, and COOH absorbance in aliphatics. Th e whole soil and clay, specifi cally those of Hoytville and Lamberton, tended to have low scores along Component 2 (Fig. 3) , although spectral diversity was relatively high in these two fractions. Loadings indicate that Hoytville and Lamberton clay and whole soils tend to be characterized by low absorbance at the 1080 cm −1 quartz O-Si-O inversion band (Fig. 5) . Loadings also indicate the Hoytville and Lamberton whole soil and clay also absorb at the 3400 cm −1 OH/ NH stretching band, and as expected, at the clay OH stretching band at 3600 cm −1 . Th e Hoytville and Lamberton whole soil and clay are also characterized by absorbance at a broad region between 1750 and 1350 cm −1 , which includes bands for many organic C functional groups such as carboxylic, proteins, amides, aliphatic, and aromatic C bonds. Component 2 loadings indicate that the silt, LF, and POM, absorb at the band near 1050 cm −1 (Fig. 5) . Th is band can indicate polysaccharide binding agent in soil aggregates (Sarkhot et al., 2007) .
Th e silt and clay fraction comprise up to 16 to 28% and 36 to 68% of the total SOM respectively, with the highest values in the Lamberton samples. Th e silt and clay fractions contain the oldest C according to mean residence time, which is more stable than LF and POM (Table 2) . Component 3 clearly separates the clay particles with high scores from the rest of the fractions (Fig. 3) . Th e loadings for Component 3 indicate that clay fractions are characterized by absorbance at a pronounced peak at the aromatic ring CH or carbohydrate band near 1230 cm −1 , and a broad band between 780 and 620 cm −1 (Fig. 6) . Th e 780 to 620 cm −1 band was also observed in the clay spectrum from Lamberton (Fig. 1) , and Fig. 2 shows that it could be of mineral or organic origin depending on the sample site. Table 2 shows isotopic and C data for the Hoytville soil fractions from Haile-Mariam et al. (2008) . Th e diff erence of the C/N ratio from 19 in the LF to 6.5 in the clay suggests the greater composition of carbohydrate in the LF and protection of proteinaceous materials in the clay (Table 2) . When corrected for fi xed ammonia, the C/N ratio of the clay would still be below 8, suggesting the occurrence of proteinaceous type material in this fraction. Th is corroborates theories that amino compounds are closely associated with clay surfaces (Sollins et al., 2006) . However, we did not fi nd strong spectral amino signals in the clay fraction. Th e clay samples form two groups in Fig. 3 because the Lamberton clays are spectrally diff erent from the rest of the clays (not shown). Th is suggests that there are compositional diff erences between prairie-derived clay from forest-derived clay fractions.
Silt has older C3-derived C than the POM (Haile-Mariam  et al., 2008, Table 2 ), yet the POM and silt spectra are relatively similar. A closer look at the PCA in Fig. 3 shows that there are some diff erences between them. Th e POM tends to have higher Component 1 scores, and lower Component 2 and 3 scores relative to the silt fraction (Fig. 3) . Component loadings indicate that POM has a tendency for higher absorbance than the silt at the broad peak around 1348 cm −1 , that indicates aliphatics and phenolics. Th e POM also tends to absorb more than the silt fraction at the 2000 to 1790 cm −1 quartz band, and at the 3622 cm −1 clay band (Fig. 4) . Th e silt fraction absorbs higher than the POM at the aromatic ring C-H deformation band near 1223 cm −1 ( Fig. 1 and 6 ).
All Sites and Depth, Time Zero Comparison, Unfractionated Soils
Th e PCA shows that spectral diff erences between depths are apparent even when all the sites are analyzed together (Fig.  7) . Component 3 loadings indicate that the 0-to 20-cm depth absorbs more at the CH bending region near 1330 cm −1 compared with the deeper soils (data not shown). Figure 2 , however, suggests this is possibly a mineral band in the surface soils. Th e deeper samples, especially those from KBS and Lamberton both have high loadings along Component 3, indicating high absorbance in the quartz overtone region, the 3622 cm −1 clay band, and the calcite/dolomite band at 2517 cm −1 .
Th e PCA in Fig. 7 , when coded by site instead of depth, shows that KBS and Wooster samples are separated along Component 2 from the Hoytville and Lamberton samples (not shown). Th e Lamberton and Hoytville soil are high SOC soils with high clay content, while the KBS and Wooster soils are alfi sols of relatively low clay content and low SOC (Paul et al., 2001; Haile-Mariam et al., 2008) (Table 1) . Component 2 loadings show that Lamberton and Hoytville absorb highly at 1230 cm −1 (data not shown). Th is suggests that this band, high in the clay fraction from Lamberton ( Fig. 1 ) marks samples with high SOC. Note that KBS and Wooster topsoils may have mostly mineral absorption in this region (Fig. 2) . Janik et al. (2007) showed that the absorbance at 1230 cm −1 is characteristic of SOM, and is an important input to total organic C prediction models. Absorbance at 1230 cm −1 has been attributed to aromatics. However, we did not fi nd that absorbance at 1230 cm −1 was accompanied by absorbance at 1610 to 1620 cm −1 , suggesting that this signal represents carbohydrate or more likely mineral clay. Compared with Lamberton and Hoytville soils, KBS and Wooster have low absorbance at the 3622 cm −1 clay OH band, but absorb highly at the quartz 
